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Chapter 1 
INTRODUCTION 
It was novelist Anatole Frame who declared, "A tale without love 
is like beef without mustard, an insipid dish". Millions of people must 
feel the same way because it takes a huge crop of more than 400 million 
pounds to satisfy the annual world demand (American Trade 
Association, 1966). Mustard has been an appetizer for many, many 
centuries. The name "mustard" is a corruption of "mustseeds" since 
these spice seeds were processed in Roman-occupied Britain by 
saturating them in a solution of grape juice or "must" as it was 
sometimes called. 
Two main types of mustard are grown, white or yellow mustard 
{Brassica hirta Moench) and India mustard (Brassica juncea L.). 
Mustard is available not only in prepared form or "hot dog" mustard, but 
as powdered mustard and whole mustard. 
Mustard seeds are imported from Canada, Denmark and the 
United Kingdom, and large quantity is grown in this country. Oilseed 
Brassicas comprise six species of which B. nigra, B. oleracae and B. 
campestris are the primary species while B. carinata, B. juncea and B. 
napus are the amphidiloids, which have arisen through inter specific 
hybridization between primary diploid species in nature very long ago 
(Weiss, 1983). 
India is mainly an agricultural country and oilseeds occupy an 
important position in Indian agriculture. Oilseeds are high nutritious 
food for human and animals. The fatty acids contained in their seeds 
provide 2.5 times more calories than carbohydrates. The main oilseed 
crop includes castor, groundnut, linseed, niger and rapeseed. India has 
about 19.85 million hectare under oilseed cultivation and it ranks first in 
the world as the area under groundnut, linseed, sesame and niger is 
concerned and ranks third for rapeseed, the area being 3.73 million 
hectare. 
Brassica furnishes commercially important rapeseeds which is a 
member of family Brassicaceae. The family has 160 species mostly 
biennial and annual herbs. Brassicas occupy a unique position in world 
agriculture as the source of vegetable, oilseeds, forage and fodder, green 
manure and condiment (Kingel, 1972) and ecologically (Grime, 1979) 
on the basis of their demand and accumulation of sulfur. The term 
"rape" is derived from Latin world "rapum" meaning turnip. Summer 
turnip rape, toria and sarson are some of the names which have been 
assigned to Brassica campestris. Distinctly three types of B. campestris 
occur in India. Brown, yellow and toria are important species i.e., 
Brassica juncea or the Indian mustard (Brown-mustard in Europe) 
contributes remarkably to the oil crops in India due to the highest 
content of oil in its seed which is about 30-42%. Brassica juncea is 
known as Rai, Raya or Laha in India. It is a self-pollinated crop and is 
considered to be the most productive amongst all the Brassicas 
cultivated in India. The total seed oil content in Indian rapeseed and 
mustard varies from 38 to 46 percent and the meal or oil cake 
contributes nearly 50 percent of the whole seed. The protein content 
ranges between 24 to 30 percent of the whole seed or 35 to 40 percent of 
the mean. Erucic acid and glucosinolates are the two major deterrents of 
oil and seed meal in oil seed Brassica. Indian rapeseed and mustard are 
inferior in quality as they contain high amounts of Erucic (28.0-53.0%) 
and linolenic (8.5-22.7%) acids although they also contain linoleic 
(12.0-21.0%) and oleic (10.0-24.0%) acids which are nutritionally good 
(Weiss, 1983). 
Enhancement of oilseed production is one of the national 
priorities. For this, technology Mission on oilseed was established in 
1986. Since then the area under oilseeds cultivation today accounts for 
nearly 7% of the world production of oilseeds, 5.6% of world oil 
production, 10.6% of world edible oil consumption and as high as 15.6% 
of world import of oils. 
The low production of oilseed in India is due to several factors. 
Some of them at listed here: 
(i) Absence of nutrient management package. 
(ii) More than 75% of the farmers have small or marginal holdings 
of less than two hectares, 
(iii) Only 15% of area under oil seed is irrigated as compared to 
72% under wheat and 44% in rice, 
(iv) Absence in advancement of agricultural techniques for high 
yielding verities, post harvest technology and proper 
processing facilities, 
(v) Attack of pests and diseases as former attacks the reproduction 
parts of the plants while the latter damages the vegetative parts 
of the plants, 
(vi) Improper source - sink relationship. 
India has made a quantum strides in increasing oilseed 
production, with the greatest contribution coming from fertilizers. 
Among fertilizers main emphasis has always been on the primary 
essential elements, nitrogen (N), phosphorus (P) and potassium (K). The 
other essential nutrient sulfur (S) is the fourth in importance in 
augmenting crop productivity and quality. However, this element has 
not been given priority over the primary essential elements mentioned 
earlier. Now S is increasingly being recognized as the fourth major plant 
nutrient after N, P and K. 
The biological role of S traces back to the initial events in the 
origin of life, which might have arisen as catalytic reactions on iron 
sulfide surfaces under anaerobic, hydrothermal conditions 
(Wachtershauser, 2000). It is a constituent of amino acids, cysteine and 
methionine, which act as a precursor for the synthesis of all other 
compounds containing reduced sulfur (Marschner, 1995). The range of 
biological compounds that contain S is vital. Sulfur is found in the 
vitamins biotin and thiamine, the cofactors S- adenosylmethionine, 
coenzyme A. It also serves important structural regulatory and catalytic 
functions in the context of proteins and as a cellular redox buffer in the 
form of the tripeptide glutathione and certain protein such as 
thioredoxin, glutaredoxin and protein disulfide isomerase. The feature of 
several sulfur-containing compounds is that the sulfur moiety is often 
directly involved in the catalytic or chemical reactiveness of the 
compound. Mustard {Brassica juncea L.) has the highest S requirement 
among various crops (McGrath and Zhao, 1996), but the amount 
required is not met due to priority of use of N-based fertilizers (Zhao et 
al., 1993). Thus, the shortage of S Supply to the crop lowers the use of 
other nutrients, particularly N. Several studies have established 
regulatory interactions between N and S assimilation in plants (Barney 
and Bush, 1985; Kopriva et al., 2002). Sulfur availability regulates N 
utilization efficiency of plants and, thus photosynthesis, growth and dry 
mass accumulations of crops since photosynthesis has a close 
relationship with N and S assimilation (Tandon 1995; Kopriva et al., 
2002). 
Sulfur requirement and metabolism in plants are closely related to 
N nutrition (Reuveny et al. 1980), whereas N metabolism is also 
strongly affected by the S status of plant (Duke and Reisenauer, 1986). 
Sulfur has a variety of vital functions with in the plant biochemistry. It 
plays an important role in plant growth and in the regulation of plant 
development (Jokoby and Griffith, 1987; Renenberg et al., 1990). 
Sulfur fertility status of soils in oilseed growing regions of India 
is poor and wide spread and as many as 120 districts have been found 
deficient in S throughout the country (Tandon, 1991). Aligarh is one of 
districts where 41% of soil samples were found to be S deficient 
(Tiwari, 1994). Sulfur deficiency has now become a more world wide 
problem in recent years and therefore soils are well supplied with S 
(Malhi et al., 2004). The world deficit for S as a plant nutrient is 
projected to reach to higher range in the coming decade. 
Rapeseed {Brassica rapa L) is an important oilseed crop, has a 
high demand for S (Zhao et al., 1993; Fismes et al., 2000; Lakkineni 
and Abrol, 1994). An insufficient sulfur supply reduces crop-
productivity, diminishes crop quality, impairs N utilization efficiency 
and thus increased the undesired nitrogen losses to the environment. 
For diagnosis of the plant nutritional S status, soil and plant 
analysis, and site specific S balances are usually applied. A molecular 
approach has been proposed in order to identify plant genes, whose 
expression is regulated by the S status. 
Ammonium sulphate and single superphosphate are recognized as 
multi nutrient fertilizers, which supply S rather than solely N and P 
(Ceccotti, 1994). The use of elemental S as S fertilizer is increasing to 
supply S. 
As sulfur constitutes one of the macronutrients necessary for plant 
life, sulphate uptake and assimilation in higher plants is one of the 
crucial factors determining plant growth and vigour and crop yield etc. 
Balancing S inputs and outputs in agricultural ecosystem proved to be a 
difficult tool to predict the S requirement of crops, because some 
sources such as the direct assimilation of SO2 and the mineralization 
from organic matter have been strongly overestimated, while others such 
as the soil water regime have been drastically underestimated. 
Sulfur deficiency is an important nutrient disorder in agricultural 
production on all continents. Besides a decrease in crop productivity 
(Schnug and Haneklaus, 1998) and negative impacts on crop quality 
(Schnug, 1993; 1997; Schnug et al., 1995), a higher susceptibility of 
crops to certain diseases has been observed (Schnug et al., 1995; 
Bourbos et al., 2000). Additionally, the nitrogen utilization efficiency is 
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closely linked to the S supply. On an average every kg of S missing to 
satisfy the plants S demand results in a potential N loss of 15 kg N to 
the environment (Schnug et al., 1993). Ernst (1997) characterized S 
metabolism of different plant species and mechanism of adaptation to S 
rich environments. Drastic reduction in the S supply, for instance after 
clean air acts coming into force presentably not only have a significant 
effect on agriculture but also on ecosystem. 
The goal of the study reported here was study the biochemical 
approaches that limit the sulfur assimilation capacity of mustard 
{Brassica juncea L. Czern & Coss.). For the study, sulfur-efficient 
mustard type, Pusa Jai Kisan was selected and grown under low and 
excess sulfur regimes. 
REVIEW OF LITERATURE 
Chapter 2 
REVIEW OF LITERATURE 
2.1. Mineral Nutrition 
No one knows when and where the practice of burying a fish 
beneath the spot where a few seeds of corn were to be planted originated 
but it was common among North American Indians when Columbus 
discovered America and is evidence that the value of fertilizers was 
known to the primitive peoples. Farm manures were in common use by 
the Romans and have utilized almost from the time, animals were first 
domesticated and crops grown. But the origin of plant nutrition as a 
science can be traced as far back as Aristotle. However, the modern 
scientific study of the effect of mineral nutrients, and the usefulness of 
chemical fertilizers can be ascribed to the work of Boussingoult, Liebig 
and Laws and Gilbert (Russel, 1950). By the early twentieth century 10 
elements had been identified as essential for proper nutrition. These 
were carbon, hydrogen and oxygen which are supplied by atmosphere; 
and nitrogen, potassium, phosphorus, sulfur, calcium and iron supplied 
by the soil. The first 40 years of twentieth century witnessed the 
addition of manganese, boron, copper, zinc, molybdenum and chlorine 
to the list of essential mineral nutrients, which very recently nickel has 
been added to this list (Marschner, 1995). 
Keeping in view the specific nature of the problem of dissertation 
the following pages deal with nutrient sulfur, its properties and effect on 
oil corps with special emphasis on mustard. 
2.2. Sulfur 
Sulfur is one of the 17 essential elements for plants growth. It is 
increasingly being recognized as the fourth major plant nutrient. 
Importance of sulfur fertilization is growing world wide as food 
production measures. Morris (1988) stated that "Plant nutrient sulfur" 
(PNS) was required by plants in amount similar to P and is important to 
the plant for protein formation and other functions. Sulfur has variety of 
vital functional with in the plant biochemistry. It is a major constituent 
of amino acids, such as cysteine, cystine and methionine - the building 
blocks of proteins. It is also essential in the formation of enzymes and 
for maintaining the configuration of vitamins such as biotin and 
thiamine. Sulfur is taken up from the soil as sulfate and is stored in the 
vacuoles or transferred to the chloroplasts, where it is either used for the 
synthesis of sulfolipids and other compound or reduced to sulphide 
before being incorporated into cysteine and other plant constituents 
(Schmutz and Brunold 1982; Clarkson and Luttge, 1991; Schmidt and 
Jagger, 1992). Sulfur in reduced form plays an important role in plants, 
being involved in the biosynthesis of primary and secondary metabolites 
and in the synthesis of coenzymes. It also plays an important role in 
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plant growth and in the regulation of plant development (Boethe and 
Trebst, 1981; Dodgson et al., 1982; Renenberg et al., 1990). 
2.3. Sulfur Availability 
Sulfur availability contributes to the over all health of plants. 
Although most soils contain 0.01% to 0.05%, a sufficiently high amount 
of sulfur (Nriagu, 1978), not all soils meet the plant's need for sulfur. 
To be suitable as a plant nutrient, sulfur not only be available in the soil 
at a proper concentration but also in the proper form. 
2.4. Forms of Sulfur in Soil 
Sulfur is continuously cycled between inorganic and organic 
forms. Three broad fractions of organic S have been identified, (a). Ester 
sulfate (b). C-bonded S (mainly amino acids) and (c). Residual S 
(Tabatabai, 1982). These transformations in soils are brought about 
primarily by the action of microbes, although chemical processes such 
as oxidation of iron sulfide have also been reported. The major 
microbial processes which are thought to be involved in transformations 
are mineralization, immobilization, oxidation and reduction. They are 
discussed briefly below: 
2,4.1. Min eralization 
The mineralization of S in soil refers to the break down of large 
organic S molecules in soil to smaller units and finally to inorganic 
sulphate, despite many reports, the mechanism of sulfur mineralization 
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in soil are still not known completely (Haque and Walmsley, 1972). 
Carbon stabilized elements are mineralized as a result of carbon-
oxidation to provide energy, as is the case with carbon-bonded organic 
sulfur compounds in soils in contrast to elements in ester forms (Saggar 
etal., 1981). 
2.4.2. Immobilization 
This is a process by which micro organisms convert simple 
inorganic S-molecules to organic compounds and eventual incorporation 
in to humus. Under conditions when organic matter is rapidly 
accumulating considerable amount of sulphate-sulfur may be 
transformed to organic forms. 
2.4.3. Oxidation 
The sulfur oxidizing organisms are autotrophic, ubiquitous and 
capable of very rapid oxidation rate in vitro. They belong to the family 
thiobacteriaceae, hydrogen sulfide, elemental sulfur, thiosulphate and 
polythionates are oxidized to sulphate by various members of the 
thiobacilli. 
2.4.4. Reduction 
The dissimilatory sulphate reduction in soil is brought about by 
oligate anaerobes belonging to sulfur reducing bacteria, 
desulphotomacium and Desulpho-vibrio. These bacteria use sulphate as 
the terminal electron acceptor in their respiratory processes (Roy and 
12 
Trudinger, 1970). These all sulfur-reducing bacteria contain 
cytochrome, the respiratory pigments, which act as electron donor in the 
reducing process. 
Sulphate S Dissolution 
Elemental S Oxidation 
Polysulphides (SX) Decomposition Elemental S Oxidation 
Thiosulphate (S2O3) Decomposition Elemental S Oxidation 
Organic S Mineralization 
2.5. Sulfur Cycling 
Sulfur cycling has important implication because cyclic S is a 
source of S for crops. The most obvious illustration of S cycling is the 
soil-plant-rain pathway. The levels of sulfur accruing to soils and crops 
via wet deposition approaches approximately 0.1 to 0.2 mg per litre. 
Another pathway is the atmosphere-plant-soil route. This is called as dry 
deposition and is important in industrial and residential areas where 
fossil fuels are burned. 
2.6. Reason for Sulfur Deficiency 
Sulfur deficiencies are being reported in ever increasing numbers in 
crops through out the world (Tisdale et al., 1986; Morris 1987; Messik 
et al., 1992). Morris (1987, 1988) lists the changes as follows: 
1. Replacement of fertilizers containing S such as ammonium 
sulphate and single supper phosphate, applied normally to supply 
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nitrogen and phosphorus respectively, with higher analysis 
fertilizers such as urea, and triple super phosphate which contain 
little or no S. 
2. Use of crop residues for food or fuel in developing countries 
(Bhuyian, 1992). 
3. Declining reserves of soil S. 
4. Greater control of industrialized emissions of S and decreased use 
of high S fuels such as coal. 
5. Decreased use of pesticides which contain S. 
Not all the factors apply in all countries; in Indian context, 
decreased incidental addition of S a probable reason for its deficiency in 
the crops (Pasricha and Aulakh, 1991). A study was conducted by 
Tiwari (1994) to access the pattern of deficiency in the soils of western 
Uttar Pradesh. The S deficiency was most extensive in soil of the district 
of Hardori (59%) followed by Aligarh (41%), Agra (37%), Unnao 
(32%), Kanpur (31%), Mainpuri (24%), Hamirpur (24%), Farukhabad 
(19%), Jalaun (18%) and Lalitpur (17%). 
2.7. Extent of Sulfur Deficiency 
Different crops have different demands for sulfur (Duke and 
Reisenauer, 1986; Kanwar and Mudahar, 1986; Tandon, 1991). 
Cruciferous crops have a very high S content (1-1.7%) of dry matter), 
Legumes have intermediate contents (0.24-0.32%) as do cotton and 
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tobacco, and cereals low contents (0.17-0.18%) (Walker and Booth, 
1992). The world plant nutrient sulfur deficit is projected to reach to 
10.4 million tonnes by 2010. 
2.8. Consequences of Sulfur Shortage 
Sulfur availability contributes to the over all health of a plant. In 
addition to reducing plant yield, the deficiency of sulfur adversely 
affects the quality of crops grown from both human and animal 
consumption. In bread making wheat, the S-nutritional status is 
positively correlated with yield and milling quality (Schnug, 1992). 
Nitrogen and S are main constituents of proteins, therefore, a shortage in 
the S-supply of crops also affects the utilization of N with in plants for 
the synthesis of proteins. The S-deficiency may cause an enrichment of 
non-protein N compounds in the plant tissue (Murphy, 1991). A massive 
loss of N is estimated by Schnug et al (1993) from rapeseed cropping 
due to sufficient S supply. Therefore, the diminishing of S to crops has 
far reaching implications and consequences. 
2.9. Crop Responses to Sulfur 
There is a great pleasure to achieve break through in human 
nutrition by introducing new foods into diets by developing new 
cultivars of staple crops that have high protein contents and at the same 
time produce higher yields. The stimulated lack of recognition of 
important plant nutrient like S is to be corrected, because, the deficiency 
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of S is a problem and has a potential for becoming worse, as exemplified 
by the studies conducted on sugar, fibre and oil crops (Aulakh and 
Pasricha, 1988; Pasricha and Aulakh 1991); Legume forages (Metson, 
1973); grain legumes (Fox et al., 1987; Pasricha et al., 1991) rice (Wang 
,1978) corn (Pasricha et al, 1977) coffee (De Freitas et al., 1972) and 
Voxetal., 1979). 
Nuttall et al. (1987) studied the effect of nitrogen, sulfur and 
boron on yield and quality of rapeseed {Brassica napus L and B. 
campestris L.) and found an increase in yield with the combined 
application of N (1.00 t ha"') and S (1.06 t ha' ') . Sulfur increased oil 
concentration of rapeseed on all 13 sites studied except one where frost 
damaged the crop and increased protein of grain on sites where there 
was yield response to S. Nitrogen increased protein of rapeseed grown 
on all sites where as N combined with boron decreased protein and 
increased percentage oil on all sites except sylvanica fl. 
Khan and Haque (1989) noticed that mustard yield was 
significantly increased with the increase of sulfur level. The results 
indicated that 40 kg/ha of sulfur from gypsum gave highest grain yield 
(766 t/ha) and the lowest (439 t/ha) from control. 
Rathore and Manohar (1989) studied the effect of sulfur and 
nitrogen on quality parameters of mustard and noticed that oil yields and 
oil contents of mustard increased significantly with increase in S rates 
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up to 160 kg/ha. However, oil contents were not affected by N rates. 
Seed protein contents increased with increasing rates of both S and N. 
Zaman et al. (1989) in a field trial experiment on mustard 
reported that the highest seed yield was produced by 100 kg S/ha 
followed by 80 kg S/ha. 
Sachdev and Deb (1990) reported that both N and S showed a 
synergistic effect on dry matter yield and N and S uptake in Brassica 
juncea. Application of 20 kg S increased the seed oil content from 
38.2-38.5% with no S to 39.3-39.5% and oil yield by 10.6% (76 kg/ha). 
Jahan et al. (1992) in field experiment on mustard with different 
treatment combinations of N, P, K and S indicated that only two 
fertilizer combinations (160-80-60-40 and 120-80-60-60 NPK, S kg/ha 
gave higher seed and stalk yields, respectively. 
Asare and Scarisbrick (1995) studied the interactive effect of N 
and S fertilizers on yield, yield compounds and seed quality of oil seed 
rape {Brassica napus L.). Application of nitrogen at 240 kg/ha increased 
total dry matter production and combine seed yield. Seed yield increased 
mainly due to greater number of pods whereas number of seeds per pod 
was not affected. Sulfur fertilizer application did not significantly 
increase plant dry matter production, number of seeds per pod or 
individual seed weight. 
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Singh and Chaudhari (1996) noticed that application of S, along 
with K and P in the soil, increased the nodulation, podding and pod and 
haulm yields of groundnut and also the concentration and uptake of the 
nutrients by groundnut. 
DeeKshitulu et al. (1998) in a field trial experiment on Brassica 
juncea cv. Seeta noticed seed and oil yields increased with increasing N 
and S rates, oil content increased with increasing S rate, but peaked with 
100 kg N, then decreased. 
Nepalia and Jain (1998) noted an increase in nutrient uptake of 
Indian mustard (Brassica JunceaL.) with the combined application of N, 
P, K and S respectively. Sulfur application had no significant effect on 
weed density, but weed dry matter increased significantly up to 60 kg 
S/ha. Application of 60 kg S/ha also resulted in a significantly higher 
NPK and S uptake by weeds and the crop. 
Patel and Shelke (1998) reported in a field trial experiment on 
Indian mustard and noticed that yields, yield component values, and oil 
and protein contents were greater than without formyard manure and 
generally increased with increasing P and S rates. 
Solanki et al. (1998) noticed an increase in seed yield, yield 
component values and benefit: cost ratio with the application of sulfur in 
Indian mustard (Brassica Juncea L.). 
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Abraham (1999) conducted an experiment on field grown mustard 
Brassica juncea L.) and reported that the total oil content was highest 
with 6 0 k g S + lOOkgN/ha. 
Ahmad et al. (1999) in field experiments on rapeseed and mustard 
studied the effects of N and S on seed and oil yield. They reported that 
an increase in nitrate reductase activity, ATP-sulfurylase activity and 
yield has been reported with the combination of 40S + lOON in both 
species of rapeseed and mustard. 
Kachroo and Kumar (1999) reported that seed weight/plant 
increased with up to 120 kg N and 40 kg S/ha. Seed oil concentration 
decreased with increased N rate and increased with increasing S, 
whereas protein concentration was increased by both N and S. 
Mahapatra et al. (1999) reported that seed yield and yield 
component values were highest in mustard, and were increased in all 
genotypes of S application. 
Ram and Pareek (1999) in a field experiment on mustard noticed 
that application of 60 kg S/ha increased the number of primary and 
secondary branches/plant, dry-matter accumulation/m row, all the yield 
attributes, and seed and straw yields compared with no sulfur. 
Zhao et al. (1999) investigated the effect of S addition on growth 
and N2-fixation in pea. Addition of 100 mg S pot"' increased seed yield 
by more than 2-fold sulfur addition also increased the concentration of 
N in leaves and stems, and the total content of N in the shoots. In 
contrast, leaf chlorophyll content and shoot dry weight were increased 
significantly by S addition only after the flowering and pod fill stage, 
respectively. 
Abraham (2000) reported an increases in chlorophyll and soluble 
protein content and rate of photosynthesis with the combined application 
of 60 kg S + 100 kg N/ha in Brassicajuncea. 
Ahmad and Abdin (2000) noticed an increase in protein, N and S 
contents with the combined application of 40 kg S + 100 kg N. 
Charagan (2000) reported an increase in seed yield of Brassica 
juncea cv. Pusa bold with the application of 40 kg S/ha. 
Mehriya and Khangarot (2000) reported that seed yield and N and 
S uptake increased with increasing S rate, and were increased by growth 
regulators, with vipul giving the best results and cycocel having the 
least effect in Brassicajuncea. 
Raut et al. (2000) observed an increase in protein and oil yields of 
mustard due to application of sulfur. 
Ahmad et al. (2001) in field grown rapeseed mustard observed an 
increase in N-accumulation and NRA due to combined application of S 
and N. 
Chaubey et al. (2001) in a field grown Indian mustard observed an 
increased in plant height, Number of branches/plant and yield attributes 
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(Siliquae/plant, length of siliqua, seed/siliqua and 1000 seed weight) due 
to combined application of P and S. 
Davaria et al. (2001) noticed that S significantly increased leaf 
chlorophyll content and decreased leaf sap pH, where as seed 
composition of oil, protein, fatty acid, N, P and S did not in Indian 
mustard. However, sulfur had no significant effects on the growth and 
yield except for seed yield. 
Sharma and Jalali (2001) observed an increased in seed straw 
yield and S-uptake due to application of sulfur in a field grown 
Brassica. However, the interactive effect of S and P on oil content was 
found to be non-significant, while oil yield was increased significantly 
due to combined application of S and P. 
Chandel et al. (2002) noticed that the number of green leaves, 
primary branches, and siliquae per plant, leaf area index, dry matter 
production, 1000 seed weight, protein content, oil content, oil yield 
increased with the increase in sulfur rate applied directly to Indian 
mustard. 
Jan et al. (2002) observed an increase in grain yield, oil content 
and erucic acid of canola due to the application of sulfur. 
Khurana and Chatterjee (2002) reported an increase in dry matter 
and reproductive yield of mustard with the combined application of 
boron and sulfur. 
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Prakash and Singh (2002) noticed that sulfur significantly 
increased the seed yield, protein and oil contents and oil yield of Indian 
mustard. 
Sen et al. (2002) reported that significant yield increase in rice 
with the application of sulfur at 30 kg/ha and its residual effect on 
mustard was observed. 
Singh et al. (2002) noticed that S application at 20 and 40 kg/ha 
improved that seed yield, oil content and its production over the control 
of Indian mustard. 
Varma et al. (2002) observed that sulfur significantly increased 
seed and stover yields, oil content and yield attributing characters of 
Indian mustard such as siliqua plant'', seeds siliqua'', length of siliqua 
and test weight only up to 30 kg ha"'. 
Abdin et al. (2003) noticed increased oil and protein contents of 
rapeseed-mustard with the application of N and S. 
Giri et al. (2003) noticed that application of 30 kg S per ha 
through gypsum recorded the highest quality characters, S and N content 
in straw, seed and total uptake of S, N and P (kg/ha) in Indian mustard. 
Jat and Khangarot (2003) noticed that application of 90 kg S/ha 
significantly enhanced all growth parameters, yield attributes (except for 
test weight) and seed and straw yield of field grown Indian mustard. 
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Misra (2003) observed an increase in oil, protein and total S-
amino acids due to combined application of S and K in Indian mustard. 
Singh and Ramkala (2003) observed an increased in dry-matter of 
Indian mustard due to combine application of Zn and S. The 
concentration of N and K also increased. 
Brajendra and Shukla (2004) noticed that the dry matter yield, S 
content and its uptake increased with increasing levels of S application 
in Indian mustard. 
Mir et al. (2004) noticed that application of sulfur produced a 
significant and consistent increase in number of siliqua per plant, seed 
and oil content of mustard with increasing levels of sulfur up to 21 
kg/ha, where as 1000 seed weight and number of seeds per siliqua 
showed significant improvement with sulfur application only up to 
14 kg/ha. 
Singh and Mukherjee (2004) noticed that leaf area index, number 
of primary branches per plant, dry weight, number of siliquae per plant, 
number of seed per siliquae plant, test weight, seed yield, stover yield, 
harvest index, protein and oil content and oil yield of mustard increased 
with increasing levels of sulfur. 
Singh et al. (2004) noticed that the increased nitrogen and sulfur 
content enhanced the total uptake of nitrogen and sulfur. Sulfur fertilizer 
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application at 20 kg/ha increased oil content in mustard over the control. 
Oil yield and chlorophyll content were enhanced up to 40 kg S/ha. 
Ahmad et al. (2005) in field grown mustard observed an increase 
in biomass accumulation, leaf area index and leaf photosynthetic rate 
due to application of sulfur. Similarly, seed yield, pod yield and 1000-
seed weight also increased due to application of sulfur. However, 
application of sulfur did not increase number of seeds per pod. 
Dongarkar et al. (2005) observed that application of nitrogen and 
sulfur significantly increased the growth and yield of mustard. 
Intodia and Sahu (2005) noticed that sulfur application 
significantly increased dry matter accumulation/plant, leaf area index 
and leaf area duration, chlorophyll content of leaves of opium poppy 
increased while leaf sap pH reduced by S application. An increase in 
dry-matter accumulation and leaf area index in green gram have also 
been reported by Kumawat et al. (2005). Similar increase in mustard has 
also been reported by Nepalia (2005). 
Khan et al. (2005) observed an increased an increase in N and S 
concentrations due to application of S in Indian mustard. However. SUH 
was not increased under excess S conditions beyond 100 mg S hg"' soil. 
Malhi et al. (2005) noticed that application of sulphate-S to 
canola at seedling time gives the highest increase in yield and S-uptakc. 
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The review shows that sulfur has a positive intluence in 
increasing growth and yield of crops. The crop is also benefited with the 
incorporation of other nutrients with sulfur. However there is still a gap 
in understanding the key points in the regulation of sulfur and nitrogen 
assimilation that can the taken as markers for manipulating the crop for 
greater sulfur assimilation and its beneficiary effects under deprived and 
excess sulfur conditions. 
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MATERIALS AND METHODS 
Chapter 3 
MATERIALS AND METHODS 
Mustard (Brassica juncea L. Czern & Coss.) cv. Pusa .lai Kisan 
was selected for the experiment to study the effect of soil-applied sulfur 
levels on biochemical and physiological characteristics and associated 
changes in growth and yield characteristics. 
Experimental details are given below: 
3.1. Plant Material 
Certified seeds of mustard cv. Pusa Jai Kisan were obtained from 
the local market of Aligarh. Healthy and equal sized seeds were surface 
sterilized with 0.01% HgCl2 and washed several times with de-
mineralized water. 
3.2. Cultivation and Experimentation 
The experiment was conducted under natural day/light conditions 
during the winter season of 2004-2005 in the net house of the Botany 
Department, Aligarh Muslim University, Aligarh. The average 
environmental conditions during the experimental period were: PAR 
950±30 ^molm'^s"'. temperature 23±2''C/19±2°C and humidity 65±5%. 
The seeds were sown in 23-cm diameter pots filled with a mixture of 
soil and compost (3:1). Before sowing, elemental sulfur at the rate of 0. 
100 and 200 mg/kg soil was applied to the pots. The available S and N 
of the soil was 100 mg kg"' soil. Thus the available sulfur for the plants 
was 100, 200 and 300 mg kg'' soil corresponding to low. sufficient and 
excess sulfur. After germination and seedling establishment, two healthy 
seedlings were maintained in each pot. Pots were watered with 
deionized water as and when required. Each treatment as well as control 
was replicated three times. Spray of an insecticide (Dimecron 100) was 
done to check aphid contagion, if any. Plants were harvested at 40 (pre-
flowering), 60 (post-flowering), 80 (pod-fill) and 100 (pod maturity) 
days after sowing (DAS) for biochemical, physiological and growth 
characteristics. For the determination of yield characteristics the plants 
were at maturity (120 DAS). Following parameters were studied at 
different sampling stages. 
(A) Biochemical Characteristics 
(1) ATP-sulfurylase activity 
(2) Sulfur concentration 
(3) Sulfur content 
(4) Nitrate reductase activity 
(5) Nitrogen concentration 
(6) Nitrogen content 
(C) Phyotosynthetic Characteristics 
(1) Chlorophyll a 
(2) Chlorophyll b 
(3) Total Chlorophyll 
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(4) Net photosynthetic rate 
(5) Stomatal conductance 
(D) Growth Characteristics 
(1) Leaf area 
(2) Plant dry mass 
(E) Yield Characteristics 
(1) Number of Siliqua/plant 
(2) Number of Seeds/Siliqua 
(3) 1000 seed weight 
(4) Seed yield 
The details of the procedure adopted for determining various 
characteristics are given in the following pages: 
3.3. Biochemical Characteristics 
3.3.1. Determination of ATP- sulfurylase activity 
The enzyme activity was measured in fresh tissues of leaves by 
the method of Lappartient and Touraine (1996). 
Fresh leaf tissues were rapidly ground in a buffer consisting of 
100 mM Naj EDTA, 20 mM Tris-HCl (pH 8.0). 2 mM DTT and 
approximately 0.01 g/ml insoluble PVP, using 1:4 (vv/v) tissue to buffer 
ratio in a prechilled mortar and pestle at 4°C. The homogenate was 
strained through guaze and again centrifuged at 20,000 g for 10 min at 
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4°C. The supernatant (crude extract) was used for in vitro ATP-
sulfurylase assays. 
ATP-sulfurylase activity was measured using molybdate 
dependant formation of pyrophosphate. The reaction was initiated by 
adding 0.1 ml of crude extract to 0.5 ml of the reaction mixture which 
contained 7 mM MgCb, 5 mM NajMoOj. 2 mM Na2 ATP and 0.032 
units/ml of sulphate-free inorganic pyrophosphatase (Sigma) in 80 mM 
Tris-HCl buffer (pH 8.0). Another aliquot from the same extract was 
added to the reaction mixture except that Na2Mo04. Incubations were 
carried out side by side at 37°C for 15 min, after which phosphate was 
determined spectrophotometrically. The ATP-sulfurylase dependent 
formation of pyrophosphate was estimated from the difference between 
the two figures. 
Phosphate in nutrient solution was determined using a 
colorimetric method. The reading solution contained 5 volumes of 
0.42% (w/v) (NH4)2 M0O4 in IN H2SO4 and 1 volume of 10% (w/v) 
ascorbic acid in water. The reaction was carried out at room temperature 
for 30 min and stopped using one half volume of 10% (w/v) article, and 
absorbance was read at 660 nm on a spectrophotometer. 
3.3.2. Sulfur content 
Total sulfur content in plant samples was estimated according to 
turbidometric method of Chesnin and Yien (1950). 
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100 mg finely ground samples dried at 80°C was taken in 
digestion tubes of 75 ml capacity. A 4 ml of acid mixture and 0.0075 g 
of selenium dioxide as catalyst was added in each digestion tube. The 
acid mixture consisted of concentrated nitric acid and perchloric acid in 
the ratio of 1:1. The digestion was carried out till the digestion solution 
became colourless. Subsequent to digestion, the volume was made up to 
75 ml with distilled water. 
3.3.2.1. Determination of sulfur concentration and sulfur content 
5 mL aliqot was pipetted out from the digestion solution for 
turbidity development in 25 ml volumetric flasks. Turbidity was 
developed by adding 2.5 ml gum acacia (0.25%) solution. 1 g barium 
chloride (BaCl2, Sieved through 40-60 mesh) and the volume was made 
up to the mark with double distilled water. Contents of 25 ml volumetric 
flasks were thoroughly shaken till BaC^ vvas completely dissolved. 
Turbidity was allowed to develop for two min. The values were recorded 
at 415 nm on a spectrophotometer within ten min after the turbidity 
development. A blank was also run simultaneously after each set of 
determination. 
Sulfur content was determined as a product of concentration of 
sulfur in plants and plant dry weight. 
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3.3.3. Determination of nitrate reductase activity 
Nitrate reductase activity was measured in fresh leaves. Random 
samples of leaves were taken and small pieces (8-10mm length) were 
made. The enzyme activity was measured by the method of .laworski 
(1971). This method is based on the reduction of nitrate to nitrite and 
the nitrate was determined spectrophotomelrically. 
200 mg of fresh leaves were weighed and transferred to polythene 
vials. To each vial, 2.5 ml of phosphate buffer of pH 7.0 and 0.5 ml of 
0.2 M potassium nitrate solution were added followed by the addition of 
2.5 ml of 5% isopropanol. Finally 2 drops of 0.5% chloramphenicol 
solution was added to avoid bacterial growth in the medium. These vials 
were incubated for 2 h in dark at 30°C. 
0.4 ml incubated mixture was taken in test tube to which 0.3 ml 
1% sulphanilamide and 0.02% NED-HCI were added. The test tubes 
were left for 20 min for maximum colour development. The mixture was 
diluted to 5 ml with sufficient amount of double distilled water. 1 he 
absorbance was read at 540 nm using blank on a spectrophotometer. 
3.3.3.1. Standard curve for nitrate reductase 
30 mg of sodium nitrate (NaN03) was dissolved in 100 ml double 
distilled water. From this solution, various concentrations were taken in 
10 different test tubes viz. 0:2, 0.4, 0.6, 0.8. 1.0, 1.2. 1.4. 1.6, 1.8 and 
2.0 ml. To these, 0.3 ml of 1% sulphanilamide and 0.02% NED-HCL 
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were added. The solution was diluted to 5 ml with double distilled water 
and optical density was read at 540 nm using a blank on 
spectrophotometer. A standard curve was plotted with concentrations of 
NaN02 on X-axis and OD on Y-axis. The optical density of the 
unknown samples was compared with this calibrated curve and nitrate 
reductase activity was expressed in n mol N02/g fresh weight/h. 
3.3.4. Determination of nitrogen 
3.3.4.1. Digestion of plant samples 
The digestion of plant material was done following the method of 
Lindner (1944). 100 mg of oven dried powder was transferred to a 50 ml 
Kjeldahl flask to which 2 ml of sulphuric acid was added. The content of 
the flask was heated on a temperature controlled assembly for about 2 h 
to allow complete reduction of nitrates in the plant material by the 
organic matter itself. As a result, the contents of the Hask turned black. 
After cooling the flask for about 15 min, 0.5 ml of 30% H2O2 was added 
drop by drop and the solution was heated again till the colour turns from 
blank to light yellow. After cooling for about 30 min an additional 3-4 
drops of 30% H2O2 were added followed by heating for another 15 min. 
The process was repeated till the contents of the flask turned colourless. 
The digested material was transferred from Kjeldahl flask to 100 ml 
volumetric flask with three washings with double distilled water. The 
volume of the flask was made up to the mark by double distilled water. 
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This peroxide digested material was used for the determination of 
nitrogen. 
3.3.4.1.1, Estimation of nitrogen concentration and nitrogen content 
Nitrogen was estimated following the method of Lindner (1944). 
A 10 ml aliquot of the digested material was taken in a 50 mi \olunictric 
flask. To this, 2 ml of 2.5 N NaOH and 1 ml of 10% NaSiO. were added 
which neutralizes excess of acid and prevents turbidity. The \ olume of 
the solution was made up to the mark with distilled water. In a 10 ml 
graduated test tube, 5 ml of the solution was taken and 0.5 ml of 
Nessler's reagent was added. The final volume was made up with 
distilled water. The content of the tube was allowed to stand for 5 min 
for maximum colour development. Then the solution was transferred to 
a calorimetric tube and optical density was read at 525 nm with the help 
of spectrophotometer. 
3.3.4.1.1.1. Standard curve for nitrogen 
50 mg ammonium sulphate was dissolved in 1 litre distilled water. 
From this solution 0.1. 0.2. 0.3, 0.4. 0.5, 0.6. 0.7. 0.8. 0.9 and 1.0 ml 
was taken to ten different test tubes. This solution in each test tube was 
diluted to 5 ml with distilled water. In each test tube 0.5 ml Nessler's 
reagent was added. After 5 min, the optical density was read at 525 nm 
on a spectrophotometer. A blank was run simultaneously with each set 
of determination. Standard curve was plotted using differcni 
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concentration of ammonium sulphate solution versus optical density and 
with the help of this standard curve, the amount of nitrogen present in 
the sample was determined on dry weight basis. 
The content of nitrogen was determined as a product of nitrogen 
concentration and plant dry mass. 
3.4. Photosynthetic Characteristics 
3.4. J. Estimation of chlorophyll 
Chlorophyll was estimated according to the method of Mac 
Kinneys (1941). 
Fresh leaves weighing 200 mg was ground in a mortar and pestle 
in the presence of sufficient amount of 80% acetone. The extract was 
filtered with Whatman 1 filter paper and supernatant was collected in a 
volumetric flask. The residue was washed repeatedly and each time the 
washing was collected with the supernatant. Finally the volume was 
made with 80% acetone up to 50 ml. The transmittance of the solution 
was read at 663 nm and 645 nm on a spectrophotometer. The following 
formulae were used to calculate the chlorophyll content. 
V (1) Chlorophyll 'a" = 12.7 (D663) - 2.69 (D645) X 
lOOOx W 
where V = 10 ml 
W = 0.1 mg 
V (2) Chlorophyll 'b^ = 22.9 (D645) - 4.68 (D663) X 
lOOOx W 
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(3) Total chlorophyll = 20.2 (D645) + 8.02 x D645 x 
1000 X W 
where V = means volume of the extract 
W == weight of tissue paper 
3.4.2. Determination of net photosynthesis rate and stomatal 
conductance 
The rate of photosynthesis and stomatal conductance in leaves 
were measured by using infra-red gas analyzer (Li COR-6200. Nebraska. 
USA). The measurement was made on uppermost fully expanded leaf of 
the main branch in treated plants and in control plants. 
3.5. Growth Characteristics 
3.5.1. Leaf area 
Leaf area was ascertained by gravimetric method. The leaf area of 
few leaves from each treatment was determined by tracing on graph 
sheet and dry weight for these leaves was recorded. The leaf area per 
plant was computed by using leaf dry weight per plant and the dry 
weight of these leaves for which the area was estimated using the 
following formula: 
LA = LA|xLA, 
Where LA| = Leaf area of the leaves traced on graph paper 
W| = Dry weight of the leaves for which area was traced on 
graph paper 
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W2 = Total leaf dry weight per plant 
3.5.2. Plant dry mass 
Plants collected were washed well with tap water. These sampled 
plants were dried in hot air oven at 80°C for two days. The dried 
material was weighed on a balance and the weight was recorded as dry 
weight. 
3.6. Yield Characteristics 
At harvest following parameters were recorded. 
(1) Number of siliqua per plant 
(2) Number of seeds per siliqa 
(3) 1000 seed weight 
(4) Seed yield 
3.6.1. Number of siliqua per plant 
The plants were harvest and siliqua were collected and counted. 
3.6.2. Number of seeds per siliqua 
The number of seeds of 10 siliqua from each treatment was 
counted. 
3.6.3. 1000 seed weight 
From the produce of the pot, 1000 seeds were randomly drawn 
and the weight was recorded. 
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3.6.4. Seed yield 
The total seeds in a plant were cleaned, sun dried and weighed lo 
compute the seed yield. 
3.7. Data Analysis 
The data were analyzed statistically using analysis of variance 
(ANOVA). F-value was determined and the data were declared 
significant, if the calculated F-value was higher than tabulated F-value. 
For significant data least significant difference (LSD) was calculated to 
separate the means. The treatments mean were separated by Duncan's 
Multiple Range Test. The statistical procedure was adopted as described 
by Gomez and Gomez (1984). 
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RESULTS 
Chapter 4 
RESULTS 
The effect of sulfur on biochemical characteristics (ATP-
sulfurylase activity, sulfur concentration, sulfur content, nitrate 
reductase activity. nitrogen concentration. nitrogen content). 
photosynthetic characteristics (chlorophyll a. chlorophyll b. total 
chlorophyll, net photosynthetic rate, stoinatal conductance), growth 
characteristics (leaf area, plant dry mass) and yield characteristics 
(siliqua per plants, seeds per siliqua, 1000 seed weight, seed yield) of 
mustard (Brassica juncea L. cv. Pusa Jai Kisan) was found significant 
(Tables 1-14). The data are summarized below: 
3.1. Biochemical Characteristics 
3. J. 1. A TP-sulfurylase activity 
The overall effect of sulfur doses on ATP-sulfurylase activity was 
found to be significant at all sampling stages. It is evident from the 
Table 1 that ATP-sulfurylase activity in leaves of mustard at 100 mg S 
kg' soil (Sulfur sufficient dose) showed the highest value at 40 and 60 
DAS of sampling stages compared with 0 and 200 mg S kg"' soil i.e.. 
low and excess sulfur doses. ATP-sulfurylase activits was increased to 
68.8%. 73%, 76.8% and 77.5% at 40. 60. 80 and 100 DAS of sampling 
stages when the plants were treated with 100 mg S k g ' soil i.e. sulfur 
sufficient dose compare to control. The activity of A 1 P-sulfurylasc at 
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low and excess sulfur was low compared to 100 mg S kg' soil 
(sufficient sulfur) at all sampling stages. 
3. J. 2 Sulfur concentration 
Sulfur application significantly affected sulfur concentration at all 
sampling stages (Table 2). Maximum sulfur concentration was observed 
with 100 mg S kg'' soil i.e. sulfur sufficient dose at 40 DAS of sampling 
in comparison to 0 and 200 mg S kg"' soil i.e. low and excess sulfur 
doses. The values obtained for excess sulfur dose was at par with that of~ 
low sulfur dose at 60, 80 and 100 DAS of sampling stages. At excess 
sulfur, sulfur concentration was significantly lesser to low and sufficient 
sulfur at 40 DAS. However, at 60, 80 and 100 DAS sampling stages the 
effect of excess sulfur was equal to the control but significantly lesser 
than the sufficient sulfur. 
3.].3. Sulfur content 
The effect of sulfur doses on sulfur content was found lo 
significant at all sampling stages (Table 3). Maximum sulfur content 
was observed with 100 mg S kg"' soil i.e. sulfur sufficient dose at 40. 
60. 80 and 100 DAS of sampling studied in comparison to 0 and 200 mg 
S kg" soil i.e. low and excess sulfur doses. Sulfur content was increased 
to 90.90%, 67.64%, 47.00% and 56.00% at 40. 60, 80 and 100 DAS o{' 
sampling, respectively when treated with 100 mg S kg"' soil i.e. sulfur 
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sufficient dose. The accumulation of sulfur was less with excess sulfur 
compared to sufficient sulfur. 
3.1.4. Nitrate reductase activity 
The effect of sulfur doses on nitrate reductase activity in mustard 
leaves was found significant at all sampling stages (Table 4). Maximum 
nitrate reductase activity was noted with 100 mg S kg' soil i.e. sulfur 
sufficient dose at all sampling stages in comparison to 0 and 200 mg S 
kg'' soil i.e. low and excess sulfur doses. The value obtained for excess 
sulfur dose was at par with that of low sulfur dose at 60 and 80 DAS of 
sampling. The activity of nitrate reductase was increased by 31.00%. 
24.00%, 15.00%) and 0.90% when treated with 100 mg S kg"' soil i.e. 
sulfur sufficient dose compared to the control at 40. 60. 80 and 100 
DAS. respectively. 
3.1.5. Nitrogen concentration 
The effect of sulfur on nitrogen concentration was found 
significant at all sampling stages (Table 5). Maximum concentration was 
noted with 100 mg S kg"' soil i.e. sulfur sufficient dose in comparison to 
0 and 200 mg S kg"' soil i.e. low and excess sulfur doses. The values 
obtained for nitrogen concentration at 200 mg S kg"' soil (excess sulfur 
dose) was at par with that of 0 mg S kg"' soil i.e. low sulfur dose at 60. 
80 and 100 DAS of sampling. Nitrogen concentration was increased b\ 
25.00%. 25.00%, 18.00% and 11.00% at 40. 60. 80 and 100 DAS. 
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respectively when treated with 100 mg S k g ' soil i.e. sulfur sufficient 
dose compared to the control. 
3.1.6. Nitrogen content 
Sulfur treatments significantly affected nitrogen accumulation at 
all sampling stages (Table 6). Nitrogen was accumulated maximally 
with the application of sufficient sulfur (100 mg S kg" soil). Ihc 
accumulation of nitrogen was also higher with excess sulfur (200 mg S 
kg'' soil) in comparison to the control but was lesser compared to 
sufficient sulfur. Nitrogen content was increased by 1 10.00%. 69.09%. 
52.00% and 42.96% at 40, 60, 80 and 100 DAS, respectively when 
treated with 100 mg S kg"' soil i.e. sulfur sufficient dose. 
3.2. Phyotosynthetic Characteristics 
3.2.1. Chlorophyll content 
It is evident from the Table 7 that chlorophyll a in leaves of 
mustard at 100 mg S kg'' soil (sulfur sufficient dose) showed the 
hightest value at all sampling stages when compared with 0 and 200 mg 
S kg'' soil i.e. low and excess sulfur doses. The value of chlorophyll a 
for 200 mg S kg'' soil was at par with that of 0 mg S k g ' soil at 60 
DAS. With excess sulfur chlorophyll a was lesser than sufficient sulfur 
and higher than low sulfur at all sampling stages. 
Table 8 shows that the maximum values for chloroph\ll b were 
noted with 100 mg S kg'' soil i.e. sulfur sufficient dose at all sampling 
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stages in comparison to 0 and 200 mg S kg"' soil i.e. low and excess 
sulfur doses. 
The effect of sulfur treatments on total chlorophyll was found to 
be signit~icant at all sampling stages (Table 9). Total chlorophyll was 
increased maximally with 100 mg S kg"' soil i.e. sulfur sufficient dose 
compared with 0 and 200 mg S kg"' soil. The value for 200 mg S kg" 
soil was at par with that of 0 mg S kg"' soil at 80 DAS. Total 
chlorophyll was increased to 36.00%. 38.00%. 32.00% and 24.00% at 
40, 60, 80 and 100 DAS of sampling, respectively when treated with 100 
mg S kg'' soil i.e. sulfur sufficient dose. While a decrease in total 
chlorophyll was noted with 200 mg S kg'' soil i.e. excess sulfur dose in 
comparison to sufficient sulfur. 
3.2.2. Net photosynthetic rate 
The over all effect of sulfur doses on net photosynthetic rate was 
found significant at all sampling stages (Table 10). Maximum values for 
net photosynthetic rate were noted with sulfur sufficient dose i.e. 100 
mg S kg'' soil in comparison to 0 and 200 mg S kg'' soil (low and 
excess sulfur doses) at all sampling stages. The values obtained for 
excess sulfur dose were at par with that of low sulfur dose at 80 and 100 
DAS of sampling. Net photosynthetic rate was increased by 39.00%. 
34.00%, 35.00% and 32.00% at 40. 60, 80 and 100 DAS. respective!) 
when treated with sulfur sufficient dose i.e. 100 mg S kg"' soil. At 
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excess sulfur (200 mg S kg"' soil) net photosynthetic rate was higher 
than low sulfur and lesser than the sufficient sulfur at all sampling 
stages. 
3.2.3. Stomatal conductance 
Application of sulfur sufficient dose (100 mg S kg" soil) gave 
significantly highest values at all sampling stages except 100 DAS 
compared with 0 and 200 mg S kg"' soil (low and excess sulfur doses). 
The value obtained for excess sulfur dose was at par with that of low 
sulfur dose at 80 DAS of sampling. The values obtained for stomatal 
conductance at 100 DAS of sampling was found to be non-significant. 
Stomatal conductance was increased by 41.00%, 28.00% and 24.00% at 
40, 60 and 80 DAS of sampling stages, respectively when treated with 
sulfur sufficient dose (Table 11). 
3.3. Growth Characteristics 
3.3.1. Leaf area 
The effect of sulfur on leaf area of mustard was found to be 
significant at all sampling stages (Table 12). Sulfur sufficient (100 mg S 
kg"' soil) dose increased leaf area at all sampling stages compared to the 
control (Table 12). The value obtained for 200 mg S kg"' soil was at par 
with that of 0 mg S kg"' soil. Leaf area of mustard was increased by 
44.00%, 33.00%, 26.00% and 22.00% at 40, 60, 80 and 100 DAS of 
sampling stages, respectively when treated with 100 mg S kg"' soil i.e. 
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sulfur sufficient dose in comparison to the control. Excess sulfur 
application increased leaf area in comparison to low sulfur but was 
lesser than the sufficient sulfur. 
3.3.2. Plant dry mass 
The effect of sulfur doses on plant dry mass of mustard was found 
significant at all sampling stages (Table 13). Application of 100 mg S 
kg'' soil i.e. sulfur sufficient dose gave significant highest values at all 
sampling stages studied in comparison to 0 and 200 mg S kg" soil i.e. 
low and excess sulfur doses. Plant dry mass of mustard was increased by 
44.00%, 36.00%, 30.00% and 29.00% at 40, 60, 80 and 100 DAS of 
sampling stages, respectively when treated with 100 mg S kg" soil i.e. 
sulfur sufficient dose. Similarly, an increase in dry mass was also 
observed at all sampling stages when treated with 200 mg S kg"' soil i.e. 
excess sulfur dose (Table 14) in comparison to the low sulfur dose (0 mg 
S kg'' soil), but the dry mass was found lesser compared to sufficient 
sulfur. 
3.4. Yield Characteristics 
3.4.1. Number of sUiqua per plant 
The effect of sulfur doses on number of siliqua per plant was 
found to be significant (Table 14). Application of 100 mg S kg"' soil 
(sulfur sufficient dose) gave maximum value for number of siliqua per 
plant when compared with 0 and 200 mg S kg'' plant soil. Number of 
44 
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siliqua per plant was increased to 16.6% when treated with 100 mg S 
kg"' soil i.e. sulfur sufficient dose in comparison to the control. A 6.67% 
increase in number of siliqua per plant was observed when treated with 
200 mg S kg"' soil i.e. excess sulfur dose in comparison to low sulfur 
dose. Comparing the sufficient and excess sulfur, sufficient sulfur dose 
was found superior. 
3.4.2. Number of seeds per siliqua 
The effect of sulfur doses on number of seeds per siliqua was 
found to be significant. The treatment 100 mg S kg'' soil i.e. sulfur 
sufficient dose gave maximum value while 0 mg S kg' soil gave the 
lowest value for this parameter. Number of seeds per siliqua was 
increased by 14.3% when treated with 100 mg S k g ' soil i.e. sulfur 
sufficient dose. An increase in number of seeds per siliqua was 2.8% 
when treated with 200 mg S kg"' soil i.e. excess sulfur dose compared to 
low sulfur dose. However, the seeds siliqua' was less with excess sulfur 
compared to sufficient sulfur (Table 14). 
3.4.3. 1000 seed weight 
The effect of sulfur doses on 1000 seed weight was found to be 
significant (Table 14). The treatment. 100 mg S kg"' soil i.e. sulfur 
sufficient dose gave maximum value while 0 mg S kg"' soil gave the 
lowest value for this parameter. 
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3.4.4. Seed yield 
The effect of sulfur doses on seed yield was found to be 
significant (Table 14). The value obtained for 200 mg S kg' soil i.e. 
excess sulfur dose was at par with that of 0 mg S kg"' soil i.e. low sulfur 
dose. The treatment 100 mg S kg'' soil gave maximum value while the 
lowest value was observed with 0 mg S kg"' soil i.e. low sulfur dose. 
Seed yield was increased to 44.4% when treated with 100 mg S k g ' soil 
i.e. sulfur sufficient dose in comparison to the control. 
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Chapter 5 
DISCUSSION 
Crops not only provide food and profit for man. but also have 
ecological functionalities. Agriculture is a special segment within 
human societies as its sustainability is intrinsic under any 
circumstances, simply because no food, no man. Fertilizers provide food 
for plants in the form of essential minerals without which no plants can 
grow. However, essential nutrients like nitrogen and phosphorus are lost 
from agro-ecosystems, adds pollution of atmosphere and water-bodied 
with nitrogen compounds. Sulfur can play an important role in 
sustainability through its effort on the use efficiency of other nutrients. 
A significant sulfur supply ensures level and quality of yields, improves 
plant health through stimulation of natural resistance processes and 
alleviates the ecologically hazardous side efforts of nitrogen fertilization 
on surface and ground water bodies as well as on the quality of the 
atmosphere. Additionally, volatiles released during flowering of sulfur 
fed plants facilitate flower recognition by the honey bee and thus 
increase their foraging efficiency. 
The aim of the study was to study some biochemical changes 
associated with sulfur nutrition leading to greater sulfur accumulation, 
dry mass and seed yield. The process was studied in sulfur-efficient 
mustard type, Pusa Jai Kisan. 
In general, plants receiving low sulfur (0 mg S kg" soil) showed 
poor biochemical, photosynthetic, growth and yield characlerisiics. 
Maximum plant response was with sufficient sulfur (100 mg S kg" soil). 
and sulfur applied in excess (200 mg S kg"' soil) was not utilized full\ 
and plants showed poor response. Application of sufficient sulfur dose 
increased nitrogen and sulfur accumulation through increase in the 
activity of nitrate reductase and ATP-sulfurylase. respective!}. Ihe 
application of sufficient sulfur increased maximally, chlorophyll content 
and photosynthetic rate. The adequate supply of sulfur has been reported 
to help utilization of nitrogen (Stewart and Porter. 1969) with excess 
sulfur, nitrogen accumulation was slowed down. The adequate suppK of 
sulfur increased the utilization of nitrogen in protein (Rubisco) 
synthesis, thereby enhancing photosynthetic rate. It also helped in 
increasing leaf growth (leaf area). Photosynthetic rate integrated over 
time and leaf area resulted in the increased dry mass accumulation, fhe 
concentrations of nitrogen and sulfur obtained with excess sulfur were 
not utilized by the plants for conversion into metabolites. Thus, the 
concentrations of nitrogen and sulfur with the sufficient sulfur dose 
proved more effective. The assimilatory pathways of nitrogen and sulfur 
are well coordinated so that the availability of one element regulates the 
other (Rauveny et al., 1980). The increase in chlorophyll content at 
sutTicient sulfur may be attributed to sulfur being constituent of succinyl 
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CoA involved in chlorophyll synthesis (Marschner. 1995). Similar 
results have been observed by Zhao et al. (1999). Davaria ei al. (2001) 
and Intodia and Sahu (2005) also noticed that sulfur signilicantK 
increased chlorophyll content in Indian mustard. 
In view of the key role played by the enzyme nitrate reductase in 
nitrate assimilation and ATP-sulfurylase in sulfate assimilation, this was 
expected that the activities of these enzymes are related to growth and 
seed yield. Increased nitrate reductase and ATP-sulfurylase activities 
with sulfur sufficient dose i.e., 100 mg S kg'' soil were an indicator of 
increased metabolic activity related to N and S assimilation. Pal et al. 
(1976) observed increased nitrate reductase activity with S fertilization 
in tobacco. The naturally occurring thiol compounds (cysteine and 
glutathione) were shown to influence nitrate reductase activit\ in wheal 
and Brassica (Lakkineni and Abrol. 1994). ATP-sulfurylase catalyses 
the first step of S assimilation pathway and therefore, regulates the 
inflow of sulfur, just as nitrate reductase regulates the inflow of reduced 
N in plants, and there is a strong metabolic coupling between N and S 
assimilation. The ability of the plant to produce dry matter depends 
largely upon the size and efficiency of photosynthetic organs. An 
increased rate of photosynthesis due to sulfur sufficient dose i.e.. 100 
mg S kg" soil provided an adequate amount of sulfur to the plants 
during growth stages. An adequate amount of sulfur during growth 
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improved the photosynthetic rate of leaves due to the increase in protein 
synthesis and maintenance of high chlorophyll content and a 
rubisco/soluble protein ratio because of the improved N-utilization 
efficiency of the plant, while inadequacy of sulfur caused the 
accumulation of non-protein in the vegetative tissue at the expense of 
protein-N. The increase in nitrogen accumulation was due lo the 
improvement in the reduction of nitrate in to reduced nitrogen as evident 
from higher nitrate reductase activity in the leaves of plants grown with 
sufficient sulfur. Zhao et al. (1999) also observed that addition of sulfur 
increased the concentration of N in leaves and stems, and the total 
content of N in the shoots. Khan et al. (2005) also observed that N 
concentration increased due to application of S. It is evident from these 
observations that the application of S not only increased N-
accumulation, but also its mobilization towards economic sinks, fhus. 
the improvement in leaf area and photosynthetic rate due to application 
of sulfur sufficient dose resulted in higher plant dry mass accumulation 
due to the production of more photosynthates. A concomitant relation 
among net photosynthetic rate, stomatal conductance, sulfur 
accumulation and dry mass exists in the reported study. Localization of 
sulfur pools within the seed tissues indicated that assimilation of sulfur 
into cysteine might occur throughout the seed development and 
therefore, the delivery of sulfate is an important factor in determining S 
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concentrations. The high seed yield obtained with the sulfur sufficient 
dose i.e.. 100 mg S kg'' soil could also be due to the production of an 
adequate amount of carbohydrate during growth stages o\' Brassica jiicea 
L. cv. Pusa Jai Kisan, as both soluble protein and rate of photosynthesis 
were greatest with sufficient sulfur (100 mg S kg"' soil). In this siud\. 
the yield attributing characters and seed yield were enhanced 
significantly with the application of sufficient S. The increase in yield 
parameters was due to the increase in chlorophyll content, net 
photosynthetic rate and leaf area. Also, the increased supply of 
photosynthates to siliqua would likely provide an opportunity for seeds 
to grow to their full size, with an obvious increase in 1000 seed weight. 
It is concluded that sulfur sufficient dose i.e., 100 mg S kg"' soil could 
be used to increase nitrate assimilation, sulfur assimilation. 
photosynthetic characteristics, growth characteristics and yield 
parameters of mustard. Further, increase in the growth and yield 
characteristics of mustard at low and excess could be achieved through 
integration of nitrogen and sulfur supply. Since one nutrient affects the 
availability of the other. It is assumed that altering the concentration of 
nitrogen at low and excess sulfur might bring enhanced use of the two 
nutrients and result in greater growth, physiological and yield 
characteristics. Alternatively, the option of enhancing shoot growth with 
plant growth regulators may be utilized which helps in signaling roots to 
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extract greater amount of available nitrogen together with sulfur 
benefiting the crop. Earlier study (Khan et al.. 2005) in this context may 
be cited where gibberellic acid spray at pre-flowering stage improved 
use efficiency of nitrogen at sufficient sulfur level and increased 
photosynthesis and dry mass. It may be reiterated that under regular 
nutrient conditions sulfate is not limiting and sulfate is efficiently stored 
in plant vacuoles. Activation of the relatively inert sulfate occurs 
through binding to ATP by ATP-sulfurylase. ATP-sulfurylase 
expression and activity is weakly induced upon sulfur depletion. ATP-
sulfurylase has been assumed as the rate-limiting step enabling and 
initiating sulfur metabolism and thus an ideal target for molecular and 
physiological manipulation. Overexpression and antisense inhibition of 
ATP-sulfurylase under low and excess sulfur conditions, respectively 
may lead to optimal accumulation of sulfur for maximal biochemical 
and physiological activity. 
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